Abstract-A decoupling network for a pair of strongly coupled MIMO antennas is presented. The decoupling network is composed of two inverters and two split ring resonators (SRRs) that are also coupled. By properly transforming the mutual admittance of the original coupled antennas and properly designing the coupling between the two SRRs, more than 20 dB isolation between the two antennas can be achieved while their respective matching performances remain good. To validate the concept, a microstrip decoupling network is designed and implemented for a pair of wideband printed monopole antenna elements. Measurement results have demonstrated that nearly 10% bandwidth for 20 dB isolation can be achieved. Measured radiation patterns have demonstrated a significant reduction of the correlation coefficient, which makes the proposed technique a promising candidate for both current and future generations of MIMO-enabled mobile terminals.
INTRODUCTION
Dramatic advances in next-generation communication systems have inspired portable and compact mobile terminals with increased spectrum and power efficiency. According to the well-known Shannon's theorem, to improve the spectrum efficiency of a communication system, the best way is to use the multiple-input-multiple-output (MIMO) technology. This technology uses multiple antennas at both transmitter and receiver to improve the channel capacity by severalfold. Therefore, compact and broadband multi-antenna systems are required for future high-capacity mobile terminals [1] [2] [3] .
As the wireless devices are becoming smaller and thinner, multiple antennas in portable terminals have to be implemented in a limited volume of space. As a consequence, the spacing between antennas is quite limited. This limited spacing will not only increase spatial correlation but also lead to strong mutual coupling between antennas. High spatial correlation will result in correlated channels and decreased channel capacity, whereas strong mutual coupling reduces radiated power and thus reduces signal-to-noise ratio and eventually the channel capacity. This issue has drawn great attention to the academia as well as many world leading companies. The solutions include metamaterial based decoupling [4] [5] [6] [7] , passive network based decoupling [8] [9] [10] [11] and parasitic structures or elements decoupling [12, 13] . This paper presents the design of a decoupling network formed by inverters and SRRs. Decoupling and matching conditions for the decoupling network will be derived. The admittance matrix of two coupled antennas is transformed such that the real part of Y 12 is zero at center frequency by inserting a transmission line at each port to achieve better performances. For illustration purpose, a detailed design process is presented with a practical wideband MIMO antenna pair as an example. In this example, the decoupling network is implemented by microstrip resonators with the center frequency of 2.45 GHz and decoupling fractional bandwidth (FBW) around 10%. Simulated current distributions and measured radiation patterns are also shown. A significant reduction of envelope correlation coefficient calculated based on measurement data shows a promising application of the proposed decoupling network in MIMO and diversity antennas for advanced wireless terminals. Compared to [11] , open loop resonators are used as the decoupling network instead of shorted quarter wavelength resonators, which gets rid of via holes and is more convenient to fabricate.
DESIGN THEORY
As shown in Figure 1 , it is obvious that a pair of any coupled antennas can be represented by a 2 × 2 admittance matrix as:
whose entries, in general, are complex. Consider a lossless decoupling network whose admittance matrix is expressed by
Since the network is lossless, the entries in matrix Y F are all purely imaginary. The connection of the two networks is illustrated by Fig. 1 . Obviously, the admittance of the connected network is the sum of the two individual admittance matrices as:
Notice that the overall network is reciprocal but not necessarily symmetric. The scattering parameter of the overall network can be obtained from the admittance parameter by [14] :
It can be seen from Eq. (5) that the two ports can be decoupled if
Since Y F 21 is purely imaginary, Eq. (6) implies following two decoupling conditions:
It should be pointed out that [9] has already proved that Eq. (7) can be satisfied using a section of transmission lines. Eq. (8) will be satisfied by properly design the mutual admittance of the decoupling network to cancel out the mutual admittance of the coupled antennas, which will be shown in detail in the follow section.
If Eq. (6) is satisfied, Eq. (4) can be further simplified to
Therefore, the matching condition for the coupled antennas together with the decoupling network is:
DESIGN EXAMPLE
To illustrate the design procedure, a design example is presented in this section. Two printed monopole antenna elements are fabricated together with the decoupling network on an FR4 substrate. The substrate has a relative dielectric constant of 4.4 and thickness of 1.6 mm. The center frequency is chosen to be 2.45 GHz. Full-wave electromagnetic simulations are performed by ANSYS HFSS. The structure of the two antennas is shown in Figure 2 . The center-to-center distance between the two antennas D = 20 mm and the edge-to-edge distance S = 9 mm (about 0.07λ 0 ). Other design Figure 3 . It is obvious that although the matching bandwidth of each antenna is broad, the isolation between the two elements is poor. The isolation at 2.45 GHz is no more than 8 dB.
To design the decoupling network, the first step is to extract the admittance parameters. In this example, parameter Re{Y A 21 } is already transformed to zero by a small section of transmission line. After transformation, the admittance parameters of the two coupled antennas are shown in Figure 4 . It is obvious that Im{Y A 21 }= −0.064 at the center frequency. The next step is to design the SRRs such that the mutual admittance of the decoupling network, Im{Y F 21 }, equals 0.064, which is exactly the opposite of Im{Y A 21 }. The method is to design the resonant frequency of the resonators and the coupling coefficients M S1 , M 12 , M 2L shown in Figure 1 . The resonant frequency of the resonator, which is determined by parameters L1, C1, L2, C2, is chosen to be 2.45 GHz, and the other coupling coefficients can be determined using the following expression:
Meanwhile, according to [11] , the inter-resonator coupling M 12 needs to be as large as the fabrication process allows, ensuring a relative constant Y F 21 within the band of interest. In this paper, the value of M 12 is constrained by the achievable clearance between two resonators printed on an FR4 substrate, which is 0.3 mm. Therefore, the obtained M 12 equals 2.00 in this example. Since in this design the coupled antenna network is symmetrical, the decoupling network must also be symmetrical,
Using Equations (9)- (13), the remaining coupling coefficients are determined: M S1 = M 2L = 1.09, M 12 = 2.00, which can also be obtained by circuit model optimization using Agilent Advanced Design System (ADS) with the model shown in Figure 1 . The final realized Im{Y F 21 } is also plotted in Figure 4 . The physical dimension of the SRRs is shown in Figure 5 . The inter-resonator coupling is achieved by edge coupling, and the input/output coupling is realized by a tapped-line method. The designed parameters are L R = 16 mm, W R = 5 mm, g 1 = 0.5 mm, and g 2 = 0.3 mm. The feeding position of tapped-line F = 1 mm. Notice that two extra quarter-wave transformers (transmission lines of 90 degree electrical length) are added to the network ports to transform the parallel resonator to its series resonator counterpart to ensure the consistence of the physical model with the designed circuit model. It should be noted that other forms of more compact transformers can also be used such as the Pi-equivalent network of lumped elements. Details concerning the resonator design can be found in [15] .
RESULTS AND DISCUSSION
Three prototypes, including one single antenna, coupled antennas without any decoupling network and decoupling antennas with the SRRs, are fabricated and measured. Their scattering parameters are measured using Keysight E5080A [16] , and the radiation characteristics are measured in a SATIMO SG-24 near-field chamber [17] . The envelope correlations of the coupled and decoupled antennas are measured in a Bluetest RTS90 Reverberation chamber [18] . The measured S-parameters of the coupled and decoupled antennas are shown in Figure 3 and Figure 6 , respectively. It is seen from Figure 6 that the decoupling bandwidth with |S 11 | ≤ −6 dB and |S 21 | ≤ −20 dB is 9.8%, which shows that a second-order decoupling network can achieve much wider decoupling bandwidth than the first-order networks such as those in [9] and [13] . It is worth mentioning that a better matching can be easily achieved if a simple matching network is added to each decoupled port.
The radiation power patterns for a single antenna, two tightly coupled antennas, and two decoupled antennas are measured with measured pattern superposed in Figure 7 . When measuring the two coupled and decoupled antennas, port 1 is excited, and port 2 is terminated with a matched load. In the coupled antenna case, the terminated load receives the coupled energy, whereas in the decoupled antenna case, the terminated antenna element acts as an 'invisible' antenna, and no current is coupled to antenna port 2.
The measured efficiencies are also displayed in Figure 8 . The efficiency of the decoupled antennas improves by nearly 10% compared to the coupled antennas. Due to the conduction and dielectric losses introduced by the resonators and two extra quarter wavelength transmission lines, the efficiency of the decoupled array is still smaller than that of the single antenna, but they are very close.
The envelope correlations of the coupled and decoupled arrays are superposed in Figure 9 , showing great improvement. It is well known that a lower envelope correlation leads to a better channel capacity. 
CONCLUSION
This paper proposes a general design technique for port decoupling of two tightly coupled antenna elements using SRRs. Decoupling and matching conditions for two tightly coupled antennas are presented. Simulated and experimental results suggest that both port decoupling and matching can be achieved simultaneously over a relative wide bandwidth as compared to other existing decoupling techniques. It has been shown through measured radiation patterns that the decoupled antennas can provide a significant reduction in correlation coefficient, showing a promising application in wireless terminal systems using diversity antennas or MIMO technology. The extension of the proposed technique to dual-band and multi-port decoupling network is under investigation.
